Uncertainties of fission fraction is an important uncertainty source for the antineutrino flux prediction in a reactor antineutrino experiment. A new MC-based method of evaluating the covariance coefficients between isotopes was proposed. It was found that the covariance coefficients will varying with reactor burnup and which may change from positive to negative because of fissioning balance effect, for example, the covariance coefficient between 235 U and 239 Pu changes from 0.15 to -0.13. Using the equation between fission fraction and atomic density, the consistent of uncertainty of fission fraction and the covariance matrix were obtained. The antineutrino flux uncertainty is 0.55% which does not vary with reactor burnup, and the new value is about 8.3% smaller.
Introduction
Reactor antineutrino is used to study neutrino oscillation, search for signatures of nonstandard neutrino interaction, and monitor reactor operation for safeguard application. Antineutrino flux is an important source of uncertainties for a reactor neutrino experiment.The antineutrino flux and spectrum ofν e from a reactor on a given day t can be predicted by equation
where S(t) is the total flux,L is the baseline, W th is the thermal power of the reactor, f i , E i , S i (E ν ) are the fission fraction, energy release and antineutrino spectrum of isotopes i respectively. The uncertainty of antineutrino flux by the fission fraction δS S can be calculated.
Where δα i is the uncertainty of fission fraction of the isotopes i (i= 235 U, 238 U, 239 Pu and 241 Pu), ρ i,j are the correlation coefficients between isotopes. During the power cycle of a nuclear reactor, the composition of the fuel changes as Pu isotopes are bred and U isotopes are depleted. At the end of the power cycle, some fraction of the fuel is replaced, for example, Daya Bay reactor, one third of fuel will be replaced. The fresh fuel always stay in the reactor for three cycles in order to generate more power. Knowledge of the detailed time-depended of the content of the fuel is of interest to the reactor operator and designer for the safety consideration. To obtain this knowledge, reactor simulation code were developed such as DRAGON [2] , Reactor Monte Carlo code (RMC) [3] , CASMO,SCALE [4] and so on. The verification and validation of the code simulation was done by comparison of isotropic concentration with the experiment results. The fission fraction coefficients between isotopes [1] was approximately studied using 159 comparisons of fuel element samples taken from ten PWRs and BWRs, modeled by a variety of core simulation codes, because these isotopic concentration comparisons only give indirect information on the uncertainty in the number of fissions fraction. The correlation coefficients was also studied by using fission fraction of each isotopes directly [5] . However, for the next generation reactor antineutrino experiment (JUNO) which is aiming to perform high precision neutrino oscillation measurements, it is necessary to known more information about the uncertainty of fission fraction, such as, what is relation between the uncertainty of flux prediction caused by fission fraction and reacor burnup. Previous study can only give the burnup average fission fraction uncertainty, but not the information with burnup. In this study, this question was addressed by using a new MC-based method.
In section 2, The MC-based method of evaluating the correlation coefficient between different isotopes was introduced. The parameters, which are needed in the method, such as atomic density and one group microscopic cross sections as a function of burnup, are calculated by RMC. The model of this calculation was discussed in section 3. The covariance matrix results were discussed in section 4, and its effect to the uncertainty of the antineutrino flux was discussed in section 6,and the last section is the conclusion.
correlation coefficient evaluation method
Generally, the reaction rate can be defined as
where, R i f is the fission rate of isotopes i, Σ i f is the average macroscopic fission cross section, N i is the atomic density of isotopes i,σ i f is the average microscopic fission cross section, andφ is the average neutron flux. The fission fraction can be defined as
where N is the total sample number, σ f i and σ f j are the standard deviation of f i and f j respectively. To suing this method, the difficulty is how to obtain the one group average cross section and atomic density of each isotopes as a function of burnup accurately. This question was discussed in next section.
Reactor Simulation and sampling
To evaluate the fission fraction from equation (4), the atomic density and the average cross sections of each isotopes must be obtained. Reactor simulation code is necessary to use because of strong energy dependence of cross section, angular dependence severe locally, temperature dependence of cross sections. The Daya Bay reactor operates with 157 fuel assemblies producing a total thermal power of 2895MW. The assembly is a 17×17 design, a total of 289 rods. There are 264 fuel rods, 24 control rods and one guide tub. The enrichment of new fuel is 4.45% for the 18-months reloaded design. An ordinary PWR pin cell with fuel enrichment of 4.45% was made and RMC code was used to simulate the atomic density and one group average cross section of each isotopes. Fig.1 shows the atomic density as a function burnup. The atomic densities of 235 U and 238 U are decreasing with the burnup increasing mainly because of fission and capture reactions. On the other hands, the atomic densities of 239 Pu and 241 Pu are increasing with the burnup increasing mainly because of transmutation from 238 U. Fig.2 shows the one group average cross sections of each isotopes as a function of burnup. The one group average cross sections of 238 U is increasing with the burnup increasing because that the fission cross sections 238 U is increasing with the energy increasing, and the neutron spectrum becoming more harder at the end of three cycles, which causes the average of the neutron increasing. The one group average cross sections of 235 U, 239 Pu and 241 Pu are decreasing with the burnup increasing because the fission cross sections of above two isotopes decreasing with neutron energy increasing.
To obtain the sample of the fission fraction, the distributions of variables N i and σ i should be known. It is reasonable to assume that the distributions of N i and σ i are standard distribution. The atomic density difference of each isotopes ( 235 U, 238 U, 239 Pu and 241 Pu) between calculation and measurement were about 5% [5] , therefor, the value 5% was used as the standard deviation of atomic density of each isotopes. Macroscopic fission cross section uncertainty analysis were studied using TSUNAMI-2D sequence in SCALE6.1. It was found that the fission cross section uncertainty of PWR is less than 0.36% [7] . However, the statical uncertainty of the one group average cross section of each isotopes is less than 0.1% when doing the simulation using RMC. Considering the conservative of the results, the value 0.36% was adopted as the standard deviation of the one group average cross section of each isotopes. Fig.3 shows the atomic density of 235 U and 239 Pu distribution as standard normal distribution, and which demonstrate that the sample code work correctly.
Correlation coefficient results
Using equation (5), correlations between the f i were studied as well. Fig.(4) plots the f i for pairs of fuel isotopes for 50 thousands samples comparisons at the begin of cycle. We find a weak anti-correlation between 235 U and Pu. This is expected since 235 U and 239 Pu dominate the thermal power production of the reactor, and so to maintain the energy balance, the over fissioning of this isotope must be accompanied by an under-fissioning of the other isotopes (and visce-versa). The fact that the largest anti-correlation is with 239 Pu, strengthens this arguments.
To evaluate the correlation coefficients as a function of burnup, we assume that the standard deviation of the atomic density of each isotopes and one group average fission cross section are not varying with burnup, just the atomic density of each isotopes and one group average fission cross section are varying with burnup. The correlation coefficients as a function of burnup were evaluated as shown in Table 1 . The correlation coefficients are varying with burnup linearly. On the other hands, some correlation coefficients may change its sign, for example, the correlation coefficients of ( 238 U, 239 Pu) and ( 239 Pu, 241 Pu) changes from positive to negative. There are two reasons which would cause that results. One is decay chain, for example, the correlation coefficients of ( 238 U, 239 Pu) would be a positive because that 238 U will be transmutation to 239 Pu after absorption one neutron and then decaying two times. This effect could be called positive effect. Otherwise, the over fissioning of 239 Pu must be accompanied by an under-fissioning of the other isotopes which include 238 U, and which would be an negative effect. The results the correlation coefficient is positive or negative effect can be explained by which effect will dominate the process. For instance, at the begin of cycle, the positive effect is more important than the negative effect, the correlation coefficients of ( 238 U, 239 Pu) is positive. But, at the end of cycle, the situation is the opposite.
Correspondence between mass inventory and fission rates
The mass inventory was calculated and was comparison with the measurement data [5] [6] , and 235 U, 239 Pu and 241 Pu was predicted with an experimental uncertainty below 5%(1σ). From equation 4, the mass inventory uncertainty did not equal to the fission fraction uncertainty. In the study, the fission fraction uncertainty was calculated by assumption that the uncertainty of the atomic density of each isotopes was 5% and the correlation between isotopes was also considered. The uncertainty of fission fraction of different isotopes was shown in table 2. [1] . 0.58% Xubo Ma et al [5] 0.60% data from the Daya Bay experiment were used to calculate the expected average daily antineutrino flux at one detector. Due to the covariance matrix varying with reactor burnup, the uncertainty of fission fraction will also varies with burnup, as shown in table 3. Comparison the results with the previous average burnup (Djurcic and Xubo Ma's results), the uncertainty is a little larger. It is a increasing with the burnup increasing because of the correlation coefficients may change its sign with the burnup increasing. In above case, the fission fraction uncertainty of all isotopes were assumed as the uncertainty of mass inventory 5%, which was found in Ref.
[5] [6] . However, in section 5, it was found that the uncertainty of mass inventory was not same as fission fraction. If the uncertainty of each isotopes in table 2 was used to evaluate the uncertainty of antineutrino flux as a function of burnup, the uncertainty of antineutrino flux was 5.5% and which did not vary with reactor burnp because the consistent between the new uncertainty of fission fraction and the new covariance matrix.
Conclusion
A new MC-based method of evaluating the covariance matrix between isotopes was proposed. The method has the capability of considering the uncertainty of atomic density and microscopic cross section at the same time and evaluating the covariance coefficient varying with burnup. We find that the covariance coefficient may change from positive to negative because of fissioning balance effects. This fact would cause the uncertainty of fission fraction having a little larger. Using the equation between fission fraction and atomic density, the consistent of uncertainty of fission fraction and the covariance matrix were studied. The antineutrino flux uncertainty is 0.55% which does not vary with reactor burnup, and the new value is about 8.3% smaller.
